Intrinsic torque, which can be generated by turbulent stresses, can induce toroidal rotation in a tokamak plasma at rest without direct momentum injection. Reversals in intrinsic torque have been inferred from the observation of toroidal velocity changes in recent lower hybrid current drive (LHCD) experiments. This work focuses on understanding the cause of LHCD-induced intrinsic torque reversal using gyrokinetic simulations and theoretical analyses. A new mechanism for the intrinsic torque reversal linked to magnetic shear (ŝ) effects on the turbulence spectrum is identified. This reversal is a consequence of the ballooning structure at weakŝ. Based on realistic profiles from the Alcator C-Mod LHCD experiments, simulations demonstrate that the intrinsic torque reverses for weakŝ discharges and that the value ofŝ crit is consistent with the experimental resultŝ s exp crit % 0:2 $ 0:3 [Rice et al., Phys. Rev. Lett. 111, 125003 (2013)]. The consideration of this intrinsic torque feature in our work is important for the understanding of rotation profile generation at weakŝ and its consequent impact on macro-instability stabilization and micro-turbulence reduction, which is crucial for ITER. It is also relevant to internal transport barrier formation at negative or weakly positiveŝ. 
I. BACKGROUND AND MOTIVATION
Intrinsic or spontaneous flows have been widely studied in many contexts since they are ubiquitous in physics. They are a key factor in understanding various phenomena such as solar differential rotation, 1 formation of the tachocline, 2 and atmospheric jet stream. 3 Intrinsic torque, which can be generated by turbulent stresses, is associated with the selforganization of flow patterns. 4 In the presence of eddies or wave turbulence, intrinsic flow is related to the classic turbulent magnetic dynamo problem. 5 In tokamak plasmas, toroidal rotation can develop due to intrinsic torque density s I , i.e., the divergence of residual stress P R r/ , without direct external momentum injection. 6, 7 Generally, the Reynolds stress, whose divergence gives the related momentum transport, can be decomposed into diffusive, pinch, and residual parts. 8 Unlike the momentum diffusion and momentum pinch, which depend on the equilibrium toroidal velocity (V / ) or its radial derivative (dV / =dr), the residual stress relies on the underlying turbulence properties rather than V / or dV / =dr and thus can accelerate the tokamak plasma from rest. One evidence of the existence of the intrinsic torque is the "cancellation" experiment on DIIID, where the rotationfree plasma is obtained through the cancellation between the intrinsic torque and the external torque applied by neutral beams. 9 Intrinsic rotation can mitigate macroscopic instability 10 and regulate microscopic instability, thus reducing turbulent transport. In addition, intrinsic rotation is particularly important for the International Thermonuclear Experimental Reactor (ITER), since neutral beam injection (NBI) is not sufficient to drive the requisite rotation on large tokamaks.
Rotation reversal experiments present a compelling challenge to our understanding of intrinsic torque, especially of its direction. Toroidal rotation reversal during Ohmic phase has been observed, particularly in response to the change in electron density. 11, 12 In rotation experiments with lower hybrid current drive (LHCD), changes in V / (toroidal velocity) during LHCD with both co-and counter-current directions have been observed in different devices. 13, 14 In recent studies of rotation in experiments with LHCD on Alcator C-Mod, DV / reversed from high LH power (P LH ) discharges to low P LH discharges, where DV / is the change in the core rotation velocity in toroidal direction from pre-LHCD phase to the end of LHCD. 15 For these discharges, high P LH corresponds to high plasma current I p , low q in the whole radial range, normal (or relatively high)ŝ in the core (r=a < 0:5), and counter-current directed DV / , and vice versa for low P LH . In addition, for high I p discharges, the toroidal velocity in the core changes direction. This observation suggests that these profiles are not the results of a momentum pinch or momentum diffusion, which would only change the profile shape but not reverse the direction. Motivated by experimental evidence 6, 15 and theoretical understanding, 8 it is hypothesized that the observed reversal of DV / is due to the reversal in the underlying intrinsic torque. In the plasma core, the intrinsic torque during LHCD is in the counter-current direction whenŝ is normal and reverses whenŝ is lower than a critical valueŝ crit . In these discharges,ŝ is above zero in the whole radial range, increases monotonically with r, and rotation changes mainly for r=a < 0:5. Experimental results show that torque reversal occurs forŝ <ŝ exp crit % 0:2 $ 0:3, whereŝ exp crit is estimated at r=a $ 0:3. To understand the experimental results, the effects ofŝ on the intrinsic torque reversal need to be studied. Since both q andŝ change among different discharges in the LHCD rotation reversal experiments, a critical value of on-axis safety factor q 0 for DV / reversal has also been observed, corresponding to the critical magnetic shearŝ crit . As a result, the effect of q should also be clarified.
Understanding the effect of the q-profile structure on the intrinsic torque is also an issue of interest in the context of internal transport barrier (ITB) formation and profile "destiffening," which occur not only in negative magnetic shear but also in regimes of weak but non-negative magnetic shear. 16 ITB formation is believed to be related to the microturbulence suppression and the consequent transport reduction by E Â B shear flows and thus is related to the toroidal rotation via the radial force balance equation, i.e.,
, where E r is radial electric field, p i is ion pressure, n i is ion density, V h and V / are poloidal and toroidal velocities, and B h ; B / are magnetic fields in poloidal and toroidal directions. 17 While NBI is the main toroidal momentum source in some ITB experiments, 18, 19 the contribution of intrinsic torque can be important for toroidal rotation profile formation, particularly in balanced-injection cases (with negligible net NBI momentum), 20 and for large-size devices such as ITER or DEMO where the NBI is not a sufficient momentum source. As a result, it is important to understand the effect ofŝ on intrinsic torque, which is closely linked to how the toroidal rotation profile evolves for weakly positive or reversedŝ, and affects the E Â B shear flows and thus ITB generation.
This work focuses on understanding the cause of the LHCD-induced intrinsic torque reversal related to the q profile structure. Based on our simulations and analyses, a new symmetry breaking mechanism in residual stress generation is identified, which becomes dominant at weakŝ and leads to the intrinsic torque reversal. Intrinsic torque s I reversal for weak magnetic shearŝ is found in our simulations compared to normalŝ; s I reverses whenŝ < 0:3 for collisionless trapped electron mode (CTEM) and whenŝ < 1:3 for ion temperature gradient (ITG) mode. Negativeŝ is not required for the intrinsic torque reversal. Analyses show that this mechanism is due to the effect of weak shear on the ballooning structure modes and its impact on the spectral intensity gradient induced residual stress. At weakŝ, the synergy of toroidal coupling and the intensity gradient effects induces significant radial eigenfunction shift and inverts the sign of spectrum averaged parallel wave vector hk jj i and thus the sign of the parallel residual stress. The critical value ofŝ crit is set by the competition between magnetic drift and ion finite Larmor radius (FLR) effects. Most of previous work on residual stress is for normalŝ regimes, 21, 22 so the mechanism proposed in this letter has no antecedent. Based on realistic parameters of C-Mod LHCD experiments, simulation results show that the intrinsic torque changes from counter-to cocurrent direction as the coreŝ change from normal to weak and ITG changes to CTEM, which is consistent with the experimental observation. The critical value ofŝ for reversal as calculated by our simulations, i.e.,ŝ crit % 0:3, is also consistent with that indicated by experiments. The remainder of this paper is organized as follows. In Sec. I, we introduce the GTS code, the parameter setup, and the basic simulation results, in particular, the intrinsic torque reversal when the magnetic shearŝ is lower than a critical, positive value. In Sec. II, the correlation and sensitivity studies are performed to identify the dominance of the intensity gradient symmetry breaking mechanism and the effect ofŝ on intrinsic torque reversal. In Sec. III, the mode structure is analyzed based on the simulation results and eigenvalue approach to identify the new symmetry breaking for the intrinsic torque reversal related to weakŝ, i.e., the radial eigenfunction shift due to the synergy of toroidal coupling and intensity gradient effects. In Sec. IV, we discuss the relevance to Alcator C-Mod LHCD experimental results and draw conclusions.
II. INTRINSIC TORQUE REVERSAL FOR WEAK AND NEGATIVEŝ COMPARED TO THAT FOR NORMALŝ
The gyrokinetic, particle-in-cell, df code GTS 23, 24 is used in our study. GTS is capable of capturing the key physics, e.g., global effects, in weakŝ regime, which are particularly relevant to this work. Typical tokamak parameters are adopted in our simulation study. 25 Equilibria with different q profiles are generated using the ESC code, 26 with pressure profile fixed. The equilibria are characterized by on-axis magnetic field value B axis % 2:55 and outer boundary elongation E ¼ 1.45 and triangularity j ¼ 0:144. Two types of q profiles are adopted, as shown in Fig. 1 . The on-axis q min profile has monotonic q(r) and positiveŝ in the whole radial range, while the off-axis q min profile has q min at r min and negativeŝ for r < r min . The values of q andŝ at the reference radius r c are chosen as qðr c Þ $ 1-2,ŝ < 0:6 in the following parametric studies, which is relevant to the rotation reversal experiments. 15 Profiles of temperature and density gradient are given by R 0 =L n;Ti;Te ¼ j ne;Ti;Te exp fÀ½ðr À r c Þ=0:2 2 g. T i ¼ T e ¼ 3:5 keV and n i ¼ n e ¼ 1:6 Â 10 13 =cm 3 . The turbulence is destabilized by the temperature and density gradient and propagates/spreads towards the inner and outer boundaries where a damping region is set as the sink. The magnetic shear at the drive location r c has different values for different cases. The turbulence develops around r c , whereŝj r c has a specific value; thus the effects ofŝ on P R r/ can be studied. Here a=q i % 160, where a is the minor radius and q i is the gyro-radius. Collisions between electrons and ions are simplified by neglecting the mass of electron, and thus the Lorentz operator is adopted to describe electron-ion collisions. The like-species collision operator is implemented by keeping the test particle drag and diffusion terms. 27 The equilibrium radial electric field E r0 is obtained from the radial force balance equation consistent with the toroidal rotation profile, 28 and the E Â B flow effects are included by taking into account E r0 in the particle's equation of motion. Collisions and equilibrium E Â B flow are included in the simulations for selfconsistency. We set the background toroidal velocity to be zero to focus on the study of residual stress, since the momentum pinch and diffusion are less relevant to intrinsic torque reversal as mentioned in Sec. I. For nonlinear cases, the simulations are performed until the turbulence reaches a well saturated state, during which the toroidal momentum flux is calculated. Since the simulation is carried out on the turbulence time scale, which is much shorter than the transport time scale, as adopted by most of global gyro-kinetic PIC simulations, the background toroidal velocity change is negligible and the calculated toroidal momentum flux is thus due to residual stress. In addition, the relaxation of the temperature and density profiles is subdominant to the background drive, and thus the turbulence is maintained at a relatively steady level during the simulation time scale.
We first examine the intrinsic torque driven by turbulence for negativeŝ and compare to that for normalŝ. Since the divergence of residual stress gives the intrinsic torque, i.e., s I ¼ Àr Á P R r/ , the orientation change of the P R r/ radial profile indicates the intrinsic torque reversal. In this work, we calculate residual stress to infer the direction of the intrinsic torque. Here, "normalŝ" refers to the base case with on-axis q min profile andŝðr c Þ % 0:6 at the drive location r c , while "negativeŝ" refers to the case with an off-axis q min profile andŝðr c Þ % À0:3. To isolate the dependence of the residual stress on the mode type, we choose j Ti ¼ 0 to eliminate ITG instability and focus on CTEM turbulence. We choose g e j Te =j ne ¼ 2; j ne ¼ 2:25 for normal shear and j ne ¼ 3 for negative shear to compensate the stabilizing effect of the negativeŝ. The ITG case is discussed later. The spatio-temporal structure of the residual stress is shown in Fig. 2 . Compared with the normalŝ case ( Fig. 2(a) ), for the negativeŝ case, the orientation of the residual stress changes and thus the intrinsic torque reverses, as shown in Fig. 2(b) . By comparing the radial structure of P R r/ in the linear and nonlinear stage, we found that the radial profile of P R r/ maintains a similar structure, as shown in Figs. 2(c) and 2(d). As a result, parametric scans, which are computationally intensive, can be performed based on the simulation in linear stage. A parametric scan is performed in negativeŝ region by varying r c and thus withŝðr c Þ ranging from À0.4 to 0. The intrinsic torque reversal is found ifŝðr c Þ < 0, which indicates that negativeŝ is a sufficient condition for the intrinsic torque reversal in our accessibleŝ regime.
One key question is whether a negativeŝ is also necessary for the intrinsic torque reversal or whether a weak nonnegativeŝ is sufficient. To determine the condition for the intrinsic torque reversal, we examine the radial structure of P R r/ at weakŝ and identify the critical magnetic shear valuê s crit at which the intrinsic torque reverses. An equilibrium with a flat q, on-axis q min profile is chosen withŝðr c Þ % 0:1. The other parameters are the same as those in the previous negative magnetic shear case. As shown in Fig. 3(a) , the residual stress has the opposite orientation compared to that of the base case in Fig. 2(a) . In order to find the critical magnetic shear at which the radial profile of P R r/ changes orientation, a parametric scan ofŝðr c Þ is performed. The orientation of residual stress is found to reverse whenŝðr c Þ changes from 0.41 to 0.25, as shown in Figs. 3(b) and 3(d). Figure 3 (c) demonstrates that the transition of residual stress occurs atŝ % 0:32. This gives the critical valueŝ crit at which the CTEM-driven intrinsic torque reverses. This result shows that the intrinsic torque can reverse ifŝ is lower than a critical, positive value. Surprisingly, magnetic shear reversal is thus not required for the intrinsic torque reversal. This observation helps to understand the torque reversal in Alcator C-Mod LHCD experiment for weakŝ. 15 In addition to CTEM turbulence, ITG turbulence is also studied. We choose j Te ¼ 0; j Ti ¼ 4:5 and g i j Ti =j ni ¼ 3 for the parametric scan using GTS. As shown in Fig. 4 , the transition of the residual stress profile orientation occurs at s % 1:3 ( Fig. 4(b) ), and thus the critical magnetic shear for the ITG-driven intrinsic torque reversal is found to bê s ITG crit % 1:3. It should be noted that ifŝðr c Þ increases further (ŝðr c Þ > 1:86) or decreases further (ŝðr c Þ < 0:95), the dipole structure of residual stress is better maintained compared to that in Figs. 4(a) and 4(c). The direction of the intrinsic torque, based on the divergence of residual stress at the small minor radius side of the intensity peak, is summarized in Table I . It is shown that the intrinsic torque has opposite directions for weak and highŝ, both for ITG and CTEM turbulence. In addition, an intermediate shear region exists, where the intrinsic torque for ITG and CTEM turbulence has opposite directions. As a result, it is important to know both the magnetic shear regime and the mode type in predicting the direction of the intrinsic torque. The intrinsic torque reversal can occur whenŝ regime and/or mode type change. For example, whenŝ changes from normal to weak and CTEM changes to ITG (from regime II to VI), the intrinsic torque reverses, which is relevant to the Alcator C-Mod LHCD experiments as to be shown in Sec. IV. In realistic tokamak plasma, both ITG and CTEM turbulence can coexist in mixed state, 29 and the population of different modes and their contribution to the intrinsic torque should be properly estimated. The question of the intrinsic torque in mixed states merits more attention.
III. CORRELATION AND SENSITIVITY STUDIES OF THE INTRINSIC TORQUE REVERSAL
This section focuses on understanding the origin of the residual stress and its orientation change at weakŝ, based on correlation and sensitivity studies. First, the correlation between residual stress and other variables is analyzed. The toroidal residual stress consists of parallel, perpendicular, and polarization toroidal stress, underpinned by correlators hk k k h jd/j 2 i; hk r k h jd/j 2 i, and hk k k r jd/j 2 i, where h…i means spectrum average. The first and third correlators are connected to parallel symmetry breaking, while the second one is the toroidal projection of the total perpendicular stress. The total perpendicular stress contributes mainly to poloidal 
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rotation. The k k reversal can lead to P R r/ reversal via the parallel and the polarization residual stress. As shown in Fig. 5 , strong correlation among the turbulence intensity gradient dI/dr, the spectrum weighted parallel wave vector hk k jd/j 2 i and the residual stress P R r/ is observed. The average correlation coefficients during the nonlinear stage (250 < t Â t ti =L Te < 500) are C½P R r/ ; hk k jd/j 2 i % 0:71 and C½P R r/ ; dI=dr % À0:74, respectively, both of which have high magnitude (the sign of correlation indicates the phase relation). This supports the theory that the intensity gradient yields a finite hk k jd/j 2 i and thus residual stress. However, it is found that C½P R r/ ; dI=dr has the opposite sign compared to the normal s case, which indicates that the residual stress generation mechanism at weakŝ is different than the previous proposed one. 21 On the other hand, as zonal flow develops, which can largely affect turbulence transport at saturation, 30 zonal flow shear may also contribute to P R r/ generation in the nonlinear phase. 23 However, as shown in Fig. 5 , the zonal flow shear correlation with residual stress (C½P R r/ ; x ZF % À0:5 during 250 < t Â t ti =L Te < 500) is significantly weaker than that with the intensity gradient, so zonal flow shear appears not to be responsible for the P R r/ orientation change at weakŝ. The effect ofŝ and q on P R r/ orientation change can be examined by parametric scans ofŝðr c Þ and qðr c Þ, respectively. In the first set of parametric scan, three q profiles are used and the corresponding equilibria are generated. As shown in the left panel of Fig. 6 , the three q profiles have the same qðr c Þ butŝðr c Þ ¼ 0:2, 0.4, and 0.6, respectively. It is found that the P R r/ profiles have the opposite orientations between theŝðr c Þ ¼ 0:2 case and theŝðr c Þ ¼ 0:4 and 0.6 cases, as shown in the right panel of Fig. 6 . Furthermore, we also examine the dependence of residual stress profile structure on q. As shown in the left panel of Fig. 7 , the three profiles have different q values, i.e., q ðr c Þ ¼ 0:94, 1.50, and 2.08, respectively, but the sameŝ, i.e.,ŝðr c Þ ¼ 0:4. It is found that the residual stress profiles have the same orientation although q changes significantly, as shown in the right panel of Fig. 7 . These two sets of parametric scans as shown in Figs. 6 and 7 demonstrate thatŝ is responsible for the intrinsic torque reversal, while a change in q has no significant effect.
It has been shown previously that turbulence selfgenerated zonal flow shear can induce k jj symmetry breaking. 23 A sensitivity study is also carried out to assess the effect of zonal flow shear on P R r/ orientation change at weakŝ. In GTS nonlinear simulations, zonal flow can be filtered out. The effect of zonal flow shear on breaking the radially elongated eddies and reducing the turbulence level has been observed by comparing the turbulence structure and evolution with and without zonal flow. The effect of zonal field induced flow shear on P R r/ is also examined. The residual stress profiles with zonal field switched on and off for weakŝ are compared in Fig. 8 . The orientation of the P R r/ profiles for both cases remains changed compared to that for normalŝ case in Fig.  2(c) . This demonstrates that the P R r/ reversal at weakŝ is not due to zonal flow shear effect. This is consistent with the results of correlation analysis presented in Fig. 5 .
In addition to the effect of the zonal flow, the effect of equilibrium radial electric field E r0 (Ref. 31 ) is also examined. When turning on and off E r0 , the observation of P R r/ profile reversal from normal to weakŝ remains unchanged. All these studies indicate thatŝ is a crucial parameter in determining the intrinsic torque direction and that the zonal and equilibrium E r flow shear play a weak role in affecting the intrinsic torque reversal at weakŝ. It is found that the correlation between intensity gradient and residual stress has the opposite sign at weakŝ compared to that at normalŝ. The correlation and sensitivity studies indicate a new symmetry breaking mechanism at weakŝ, which is distinct from the previous ones. 21, 31 The underlying physics will be identified in Sec. IV.
IV. INTERPRETATION OF THE INTRINSIC TORQUE REVERSAL BASED ON MODE STRUCTURE ANALYSIS AND RESIDUAL STRESS ESTIMATE
In this section, the underlying physics of the intrinsic torque reversal is identified based on mode structure analyses. To understand the role ofŝ in the intrinsic torque reversal, we analyze the radial structure of the poloidal harmonics (radial eigenfunction) d/ m ðrÞ to demonstrate d/ m ðrÞ's unusually enhanced radial shift and the consequent hk k jd/j 2 i reversal at weakŝ. Figure 9 shows cartoons of d/ m ðrÞ for normal (a) and weakŝ (b) cases, based on simulation results. From the analysis in Sec. II, hk k jd/j 2 i appears strongly correlated with the residual stress and thus we focus on hk k jd/j 2 i. For simplicity, we choose a single n mode and calculate hk k jd/j 2 i at r n;m , the mode rational surface of the harmonic (n, m), where by definition k jj j r n;m / nq À m ¼ 0. For normalŝ, in the presence of intensity gradient, the poloidal harmonics with m 0 > m (blue line) contribute more to hk k jd/ji at r n;m than do those with m 0 < m (red line), and thus hk k jd/j 2 i ¼ P m 0 ðnq À m 0 Þjd/ m 0 j 2 =qR < 0. 21 However, at weakŝ, as shown in Fig. 9(b) , the simulations show that the harmonic m À 1 shifts towards the harmonic (n, m) so strongly that hk k jd/j 2 i is set mainly by the modes with lower amplitude, yielding hk k jd/j 2 i reversal as compared to that in Fig. 9(a) . This kind of radial shift was noticed in early studies of ballooning instabilities 32 and is also observed in our global gyrokinetic simulation. The radial shift of the poloidal harmonics at weakŝ is different than that due to equilibrium E r or zonal E r shear flow, as verified by the foregoing correlation and sensitivity studies, and is responsible for the residual stress reversal appearing at weakŝ.
An analytical interpretation can be obtained from the quasilinear estimate of residual stress and its dependence on s. The residual stress is estimated as
For simplicity, we focus on a single n mode but all its m harmonics, thus hdt r dt k i / hk k jd/j 2 i. We calculate hk k jd/j 2 i by referring to the ITG/CTEM eigen equation. By applying 2D mixed complex-WKB-full-wave analysis, 33 the perturbed electric potential is decomposed as dUðr;ĥ; f; tÞ ¼ exp fÀinf þ inqĥ À ixtg describes the radial phase and amplitude variation of the envelop. In the fluid-ion limit, 34,35 the eigen equation yields
where
NA is the trapped electron non-adiabatic response, and the potential Q consists of the ion FLR term ðk h q i Þ 2 and the ion magnetic drift term j c ¼ cosĥ þŝðĥ Àĥ k Þ sinĥ. To calculateŝ crit and demonstrate the effects of magnetic drift and FLR terms, a parametric scan ofŝ is performed based on Eq. (2). Other parameters correspond to those of the GTS simulations. The value of n, for the CTEM case, is chosen according to
As shown in the upper panel of Fig. 10 , the black line is hqR 0 k jj i obtained by solving Eq. (2), and as the baseline, it shows that whenŝ decreases from normal to weak,
amplified by multiplying different factors a j and a FLR . They show that increasing j c and decreasing ion FLR effect have a similar impact on increasingŝ crit as compared to the baseline. This trend can be demonstrated by the parametric scan with respect to a j =a FLR , as shown in the lower panel of Fig. 10 . The blue broken line with square markers gives the critical valueŝ crit with a j ¼ 1 and varying a FLR . The magenta triangles indicateŝ crit with a FLR ¼ 1 and varying a j . These two curves overlap quite well and show that the increase of a j =a FLR leads to the increase ofŝ crit . This demonstrates that the competition between the FLR and j c terms determines the value ofŝ crit , at which hqRk k i ¼ 0. This competition is reminiscent of the transition between the toroidal branch and the slab branch of the drift wave, related toŝ. 35 However, the previous work focused on the eigenfrequency and not on the asymmetry of the parallel mode structure. The novelty of the analysis in this work is the consideration of the synergy of the toroidal coupling and intensity gradient effects. On one hand, the magnetic drift term j c ¼ cosĥ þŝðĥ Àĥ k Þ sinĥ introduces toroidal coupling which brings in modulations on the otherwise anti-well potential Q. 35 On the other hand, the radial intensity gradient inĥ k introduces symmetry breaking in j c . The synergy of these two effects leads to the radial eigenfunction shift and reversal of hqR 0 k jj i at weakŝ. Notice that the intensity gradient also appears in the FLR term and leads to symmetry breaking and residual stress. This corresponds to the previous proposed symmetry breaking mechanism 21 and is not responsible for the hqR 0 k jj i reversal at weakŝ.
It can be shown that the radial eigenfunction shift occurs when this new symmetry breaking due to the synergy of the toroidal coupling and the intensity gradient effects at weakŝ is present. The radial eigenfunction shift, i.e., poloidal harmonic d/ m ðrÞ's radial shift, can be obtained as Dr m ¼ ðÀ1=nq 0 Þð2jrj 2ĥ k;I =r R À qR 0 hk k iÞ, based on the connection formula, 33 where r¼Àiðx ti =xÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi bÀ½ðŝ À1=2ÞCþiŝĥ k;I S=2x D =x q ; b¼ðk h q iŝ Þ 2 ; S ¼sinĥ k;R ; C¼cosĥ k;R . In Eq. (2), at normal to largeŝ, FLR effects (/ŝ 2 ) dominate over the magnetic drift term j c (/ŝ). An analytical solution can be obtained as hk k ijŝ !1 ¼ð2=qR 0 Þðjrj 2ĥ k;I =r R Þ. This shows that Dr m jŝ !1 ¼0, i.e., d/ m ðrÞ peaks at its rational mode surface asŝ !1. Whenŝ decreases, the magnetic drift effects become important, inducing significant radial shift, which causes hk jj i reversal. It should be noted that Eq. (2) does not include zonal flow or equilibrium flow, thus the radial shift in the weakŝ regime discussed here is indeed a new mechanism for k jj symmetry breaking, distinct from previous results which relied on the EÂB shear symmetry breaking mechanism. 21, 23 
V. RELEVANCE TO EXPERIMENTAL RESULTS AND CONCLUSIONS
Our finding of critical magnetic shear for the intrinsic torque reversal gives an interpretation of the Alcator C-Mod Table I, respectively. In addition, the high and low I p discharges are CTEM and ITG dominated, respectively, according to GTS simulations with realistic plasma profiles and thus, are located in regime II and VI in Table I . The prediction of torque reversal from the high to low I p discharges based on Table I agrees with the experimental results. Based on the realistic temperature and density profiles, as well as the equilibria, characterized by the parameters in Table II , the residual stress calculated from the GTS simulation shown in Fig. 11 has the opposite orientations for the normal and weak core magnetic shear cases, and the torque direction at the inner (small r) region agrees with that of the experimental observations. Moreover, the experimentally observed critical magnetic shear,ŝ exp crit ¼ 0:2 $ 0:3, 15 is consistent with our analysis, i.e.,ŝ CTEM crit % 0:3. The direction of DV / or the intrinsic torque, as well as the critical magnetic shear for reversal, is recovered in the simulation. It should be noted that in Secs. I-IV, we adopted higher temperatures and a lower toroidal magnetic field compared to C-Mod parameters, which reduces the normalized minor radius from a=q i > 300 (C-Mod) to a=q i % 160 (Sec. I) and makes the parametric scans affordable. In addition, in order to identify the underlying physics of intrinsic torque reversal, we focus on specific turbulence (CTEM or ITG) by specifying analytical temperature and density profiles as mentioned in Sec. I, which are different than the experimental ones in this section. However, the simulation based on the realistic C-Mod profiles in this section demonstrates the relevance of our proposed new mechanism to the experimental observations. Detailed comparisons between the simulation and experimental results rely on better controlled parametric scan data (e.g., changingŝ without ITG-TEM transition) in experiments as well as more in-depth simulation, and will be done in future work.
In conclusion, a new mechanism for the intrinsic torque reversal linked to weak magnetic shearŝ is identified based on our simulations and analyses. The main results of this paper are as follows:
(1) Intrinsic torque s I reversal for weakŝ is found in simulation; s I reverses whenŝ <ŝ CTEM crit % 0:3 for CTEM and whenŝ <ŝ ITG crit % 1:3 for ITG, without requiring negativê s. For both ITG and CTEM turbulence, the intrinsic torque is counter-current directed whenŝ >ŝ ITG crit and changes to co-current directed whenŝ <ŝ CTEM crit . In the intermediateŝ regime, ITG and CTEM induce co-and counter-current directed intrinsic torque, respectively. (2) Correlation and sensitivity studies support that the symmetry breaking mechanism of residual stress due to intensity gradient is dominant at weakŝ, while zonal flow shear or equilibrium flow shear plays minor role in the intrinsic torque reversal. The parametric scans ofŝ and q, respectively, show thatŝ but not q is more relevant to the intrinsic torque reversal at weakŝ. (3) Analysis identifies that the s I reversal is due to the dominance of a new symmetry breaking mechanism at weak s, in particular, the radial eigenfunction shift due to the synergy of toroidal coupling and intensity gradient. This new mechanism is peculiar to toroidal geometry and is not just the continuation of the traditional intensity gradient symmetry breaking mechanism to weakŝ.
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(4) Based on realistic parameters of C-Mod LHCD experiments, simulation demonstrates that the intrinsic torque changes from counter-to co-current direction as coreŝ changes from normal to weak and ITG changes to CTEM, which is consistent with experimental observations. The critical value ofŝ for reversal calculated from the simulations, i.e.,ŝ crit % 0:3, is also consistent with that observed in the experiments.
Our finding of a new mechanism for intrinsic torque reversal could be important for interpreting experimental results on other tokamak devices and for understanding the total toroidal rotation profile formation as well as its consequences. The keys points can be described as follows:
(1) Based on our findings, it is suggested that the database of the rotation experiments might be better classified and that the intrinsic torque direction might be better predicted according to the magnetic shear, mode type, and other parameters. The rotation reversal of Ohmic discharges has been observed on various tokamak devices such as TCV, 36 ASDEX Upgrade, 37 and C-Mod, 12 where the critical density is more relevant, while the effects of magnetic shear have been essentially ignored until the recent LHCD rotation experiments. 15 Realizing the new mechanism of intrinsic torque linked to weakŝ might help classify the results of all these experiments in a multiple-parametric space including density, magnetic shear, etc., and to guide future experiments. (2) Given that the intrinsic torque at weak or negative magnetic shear may play an important role in ITB formation, 16 an important question to ask is how and if possible transport changes at weakŝ occur. To this end, we state that complex interactions of external and intrinsic torque are possible. The Optimal Shear (OS) experiments on JET demonstrated that increased E Â B flow shear and decreasedŝ result in ITB formation. 18, 19 Although the E Â B flow shear is mainly due to toroidal rotation induced by neutral beam (NB) for co or countercurrent injection in those cases, 18 understanding the contribution of intrinsic torque becomes important when net NB momentum is negligible or comparable to external injected momentum, as done in "balanced" cases on JET 18, 20 and "cancellation" experiments on DIII-D, 9 or when the toroidal rotation cannot be efficiently driven by NBI on large-size devices such as ITER or DEMO. In these cases, the effects of the new mechanism linked to weakŝ could be significant on ITB formation, which is relevant to the ITER hybrid scenario, whereŝ is weak in the core. 38 An extension of this work could be the comparison of this new mechanism of intrinsic torque with momentum diffusion and pinch in various parametric regimes. In addition, it might be important to consider turbulent acceleration, 39, 40 polarization drift, 41 turbulence spreading, 42 and their behavior at weak magnetic shear. Understanding the direction and characteristic dependence of the intrinsic torque due to the new mechanism in this work is crucial to understanding whether the torque adds to or cancels other mechanism, e.g., E r shear mechanism, turbulent acceleration, as well as external torque, and how the plasma thus accesses de-stiffened and ITB states. 
